Introduction
============

Mucopolysaccharidosis type II (MPS II; Hunter syndrome; OMIM 309900), one of a group of rare inherited disorders known as lysosomal storage diseases (LSDs), was first described in 1917.[@b1-dddt-11-2467] LSDs are characterized by defects in the functioning of lysosomal enzymes; in the case of MPS II, the underlying pathology is deficiency in iduronate-2-sulfatase (I2S; EC 3.1.6.13) activity, resulting in accumulation of the glycosaminoglycans (GAGs) heparan sulfate and dermatan sulfate within cells and tissues throughout the body.[@b2-dddt-11-2467] The disease is inherited in an X-linked manner and primarily affects males, although a small number of female patients have been described.[@b3-dddt-11-2467],[@b4-dddt-11-2467] The most common mechanism for symptomatic disease in females is skewed X-chromosome inactivation, but instances of X-chromosome rearrangement and 45,X karyotype have also been reported.[@b3-dddt-11-2467]

Multiple organ systems are affected, with signs and symptoms usually emerging in the first few years of life. Disease presentation and rate of progression vary greatly, but the early manifestations of MPS II typically include recurrent respiratory infections, coarse facial features, joint stiffness, otitis media, umbilical/inguinal hernias, cardiomyopathies and hepatosplenomegaly;[@b5-dddt-11-2467],[@b6-dddt-11-2467] the characteristic short stature is usually apparent by \~8 years of age.[@b7-dddt-11-2467],[@b8-dddt-11-2467] Patients may also develop neurological symptoms, such as carpal tunnel syndrome, communicating hydrocephalus, spinal cord compression and hearing loss. For clinical purposes, patients are generally considered to fall into one of two categories according to the presence or absence of progressive central nervous system (CNS) involvement (typified by cognitive impairment, with behavioral difficulties and regression in developmental milestones), which occurs in as many as two-thirds of patients.[@b2-dddt-11-2467],[@b9-dddt-11-2467]--[@b12-dddt-11-2467] All patients experience somatic signs and symptoms, although progression may be slower in individuals without cognitive impairment.[@b2-dddt-11-2467],[@b9-dddt-11-2467],[@b13-dddt-11-2467],[@b14-dddt-11-2467] Life expectancy is reduced in all patients; death usually occurs in the second decade of life in patients with cognitive impairment, whereas those without cognitive impairment may survive until their fifth or sixth decade.[@b2-dddt-11-2467],[@b15-dddt-11-2467]

The possibility of treating LSDs by replacing the defective enzyme was put forward in the 1960s and the first such therapies completed clinical development in the early 1990s.[@b16-dddt-11-2467]--[@b21-dddt-11-2467] Preclinical development of recombinant I2S (idursulfase; marketed as Elaprase^®^ \[Shire, Lexington, MA, USA\]) as the first means of addressing the underlying enzyme deficiency in MPS II began in 1996; clinical studies commenced in 2001 and this phase of development was completed in 2005. At that time, MPS II was poorly characterized, with few data available on the natural history of the disease. The rarity of the condition was a significant factor in this paucity of knowledge: the estimated incidence is only 0.6--1.3 per 100,000 live male births.[@b10-dddt-11-2467],[@b22-dddt-11-2467]--[@b24-dddt-11-2467] It is now a decade since intravenous enzyme replacement therapy (ERT) with idursulfase was approved for the treatment of patients with MPS II. In that time, our understanding of the disease and the management of patients with this condition has vastly increased, in large part owing to the clinical programs in place during this period. In this article, we provide an overview of the development of idursulfase for clinical use and the advances in patient care that have been made since marketing authorization was obtained. We also examine the unmet needs in patients with MPS II and look to the future and the novel therapeutic approaches that are being developed.

Development of idursulfase
==========================

Development of recombinant idursulfase
--------------------------------------

The first attempts to purify I2S from human tissues were made during the 1970s, but the low abundance of the protein, coupled with the potential for degradation and the presence of polypeptides of varying lengths, meant that purification to homogeneity was not achieved until 1990.[@b21-dddt-11-2467],[@b25-dddt-11-2467] Cloning of the *iduronate-2-sulfatase* (*IDS*) gene followed shortly after-ward, paving the way for Shire (at that time, Transkaryotic Therapies, Inc.) to develop recombinant I2S (idursulfase) for therapeutic use in patients with MPS II.[@b21-dddt-11-2467],[@b26-dddt-11-2467] A human cell line was chosen for production of the recombinant enzyme ([Box 1](#bx1-dddt-11-2467){ref-type="boxed-text"}), ensuring that the therapeutic protein is indistinguishable from the endogenous form. Of particular note is the retention of the human pattern of posttranslational modifications, including the characteristic glycosylation profile. These modifications play an important role in targeting the enzyme to its site of action within the lysosomes of cells throughout the body via the mannose-6-phosphate (M6P) receptor-mediated uptake pathway ([Figure 1](#f1-dddt-11-2467){ref-type="fig"}).[@b27-dddt-11-2467]--[@b29-dddt-11-2467] The likelihood of an immune response to the therapeutic protein is also believed to be reduced when the human posttranslational modification profile is retained.[@b28-dddt-11-2467]

###### Key points in the development of idursulfase

-   Idursulfase produced in a novel new protein production platform in a human HT-1080 fibrosarcoma cell line[@b21-dddt-11-2467],[@b107-dddt-11-2467]--[@b110-dddt-11-2467] ◦HT-1080 cell line has a known laboratory history and a better-understood transformation event than the more commonly used CHO cell line and does not contain virus-like particles

-   Idursulfase is structurally similar to endogenous enzyme[@b21-dddt-11-2467] ◦Expressed as a single 550 amino acid polypeptide and secreted as a 525 amino acid glycoprotein of 76 kDa◦Amino acid sequence confirmed by peptide mapping and N-terminal sequence analysis[@b21-dddt-11-2467],[@b32-dddt-11-2467]

-   Human posttranslational modification patterns (including glycosylation profile)[@b111-dddt-11-2467] enable utilization of the M6P receptor pathway to achieve cellular uptake of therapeutic I2S by target organs and tissues and appropriate intracellular trafficking[@b112-dddt-11-2467] ◦Posttranslational modifications may also have a favorable impact on immunological aspects[@b113-dddt-11-2467] and on preventing rapid clearance of the enzyme from the body[@b113-dddt-11-2467]

-   Idursulfase has similar activity to endogenous enzyme[@b21-dddt-11-2467] ◦Same hydrolytic targets as endogenous enzyme (the 2-sulfate esters in dermatan sulfate and heparan sulfate)◦Specific catalytic activity \>40 U/mg protein,[a](#fn2-dddt-11-2467){ref-type="fn"} dependent (as for endogenous enzyme) on posttranslational modification of cysteine residue 59 to formylglycine[@b27-dddt-11-2467]

**Note:**

One unit is defined as the amount of enzyme required to hydrolyze 1 μmol of heparin disaccharide substrate per hour under the specified assay conditions.

**Abbreviations:** CHO, Chinese hamster ovary; I2S, iduronate-2-sulfatase; M6P, mannose-6-phosphate.

Preclinical development of idursulfase
--------------------------------------

Proof of principle for idursulfase therapy via intravenous infusion (formulation information is given in [Box 2](#bx2-dddt-11-2467){ref-type="boxed-text"}) was demonstrated in a series of animal studies, which were aided by the availability of an *IDS*-knockout mouse model of MPS II.[@b21-dddt-11-2467],[@b30-dddt-11-2467] This model not only has elevated levels of GAGs in urine and tissue (including in the liver, spleen, kidney and heart) but also exhibits many of the physical features of the disease.[@b30-dddt-11-2467] Intravenous idursulfase reduced levels of GAGs in urine and tissue, and the overall biodistribution of the infused enzyme was consistent with known M6P receptor distribution patterns. Together, these results indicate successful utilization of the intended uptake pathway, with the recombinant idursulfase reaching the lysosomes of cells in target organs to catabolize accumulated substrate.[@b21-dddt-11-2467],[@b30-dddt-11-2467]

In addition to confirming the viability of the intended route of administration, the preclinical studies provided pivotal information for the design of the subsequent clinical program and the final choice of dosing regimen.[@b21-dddt-11-2467],[@b31-dddt-11-2467],[@b32-dddt-11-2467] For example, a weekly or every other week regimen was more effective at reducing levels of GAGs in tissue than monthly infusions, and degradation of GAGs in *IDS*-knockout mice was achieved with weekly administration of idursulfase at doses ranging from 0.1 mg/kg to 5.0 mg/kg.[@b21-dddt-11-2467],[@b30-dddt-11-2467] However, the tissue half-life for idursulfase of 1--2 days in both rats and mice indicated that the drug would be eliminated from the body by the second week after the infusion, and serum clearance mechanisms showed signs of saturation at doses of 0.5 mg/kg body weight or higher in cynomolgus monkeys.[@b21-dddt-11-2467] Together, these considerations were taken into account when making the decision to include the 0.5 mg/kg per week regimen in the Phase II/III study.[@b21-dddt-11-2467],[@b30-dddt-11-2467],[@b32-dddt-11-2467]

###### Formulation of idursulfase for clinical use

Ahead of clinical testing and commercial manufacturing, a stringent purification process was developed for recombinant idursulfase that comprises a series of chromatography and ultrafiltration steps together with a final viral filtration step. The final formulation for intravenous infusion is supplied in vials as a sterile, non-pyrogenic solution containing idursulfase at a concentration of 2 mg/mL with an extractable volume of 3.0 mL (the excipients are all commonly used in parenteral protein solutions: sodium chloride, a sodium phosphate buffer, polysorbate 20 and water for injections; pĤ6). Dilution prior to administration is in 0.9% USP sodium chloride injection.[@b21-dddt-11-2467],[@b32-dddt-11-2467],[@b51-dddt-11-2467]

**Abbreviation:** USP, US Pharmacopeial Convention.

Overall, the results of this series of preclinical studies, which included comprehensive repeat- and acute-dose toxicity studies, supported progression to clinical trials and laid a strong foundation for the design of the human clinical trial program.[@b21-dddt-11-2467]

Idursulfase clinical development program
========================================

The development of a therapy for any rare disease poses significant challenges; these challenges are compounded in LSDs, and especially in MPS II, by the highly variable nature of disease presentation and progression, and an incomplete understanding of their natural history over time.[@b21-dddt-11-2467] In addition, at the time the idursulfase program was implemented, clinical development of therapies for rare genetic diseases was a field in its infancy; the rarity of the disease compared with the costs associated with the development of a new therapy was a considerable challenge. The design of the idursulfase clinical program built on experience gained in the development of ERTs for other LSDs (including Gaucher disease, Fabry disease and mucopolysaccharidosis type I \[MPS I\]) and comprised a Phase I/II study followed by a larger pivotal Phase II/III study designed to meet authorization requirements ([Figure 2](#f2-dddt-11-2467){ref-type="fig"}; [Table 1](#t1-dddt-11-2467){ref-type="table"}).[@b21-dddt-11-2467] This approach aimed to achieve the necessary robustness with the small patient numbers available; the approach also reduced the time before the therapy could become available to patients by conducting only two studies in the clinical program.[@b21-dddt-11-2467]

The Phase I/II study investigated the safety of intravenous infusions of various doses of idursulfase administered according to an every other week regimen, examined pharmacodynamics and gathered exploratory efficacy data. Broad scope and rigorous design were key in ensuring that this single Phase I/II study with 12 patients enrolled enabled progression of idursulfase to the next phase of development.[@b31-dddt-11-2467] Overall, intravenous idursulfase was well tolerated, and infusion-related reactions (IRRs) were readily managed.[@b31-dddt-11-2467] Although the small number of patients and the variable nature of their disease at baseline made demonstration of clinical benefit challenging, exploratory efficacy outcomes indicated that the enzyme was biologically active and reached the lysosomes of cells in target tissues: GAG levels, which had been elevated at baseline, were reduced to near-normal levels in all patients; liver and spleen volumes were decreased; and walking distance, pulmonary function and left ventricular mass were improved in many patients.[@b31-dddt-11-2467]

The choice of dose and the every other week regimen used in the Phase I/II study were based on the preclinical data; however, consideration of the tissue half-life of idursulfase in mice informed the decision that the Phase II/III study would investigate the 0.5 mg/kg weekly regimen, which had not been part of the Phase I/II study, in addition to the 0.5 mg/kg every other week regimen.[@b21-dddt-11-2467] At the time, with 96 patients enrolled and a duration of 1 year, the Phase II/III study was the largest and longest placebo-controlled trial performed for an LSD. Robust design of the Phase II/III study was essential to the success of the idursulfase clinical program, as regulatory approval would be based on the results of this single, relatively small, pivotal trial (study design is given in [Table 1](#t1-dddt-11-2467){ref-type="table"}). Idursulfase was well tolerated, and no patient withdrew owing to an IRR.[@b32-dddt-11-2467] Compared with placebo, the greatest difference in the primary end point (a composite score) was with idursulfase 0.5 mg/kg weekly (*P*=0.0049); weekly infusions also resulted in significant improvements in 6-minute walk test distance (*P*=0.013) and forced vital capacity (FVC) compared with placebo (absolute FVC, *P*=0.001; % predicted FVC, *P*=0.065).[@b32-dddt-11-2467] In addition, urinary GAG levels and liver and spleen sizes were significantly reduced with idursulfase 0.5 mg/kg weekly (*P*\<0.0001 for each). On the basis of the results of the Phase II/III study, idursulfase 0.5 mg/kg weekly was approved in the USA in 2006 and in Europe in 2007.[@b32-dddt-11-2467]

Idursulfase post-approval programs
==================================

A wealth of knowledge has been accumulated since idursulfase was first approved, leading to expansion of the original indication as well as adding to our overall understanding of MPS II and management of patients with the disease. A large amount of data has been collected on idursulfase in both the clinical trial (reviewed by Scarpa[@b33-dddt-11-2467] and Sestito et al[@b34-dddt-11-2467]) and the real-world settings,[@b35-dddt-11-2467],[@b36-dddt-11-2467] and more than 10,000 person-years of exposure to idursulfase have been accumulated since its approval in the USA in 2006 (Amanda Reynolds, Shire, personal communication, November 2016; exposure calculated using data as of July 2016).

An important backdrop to the post-approval activities is the additional long-term safety and effectiveness data required by the regulatory authorities in Europe, the USA, Canada and elsewhere as a condition of the marketing authorization for idursulfase. Requirements have changed over time, with the current focus being on long-term assessments of pulmonary and cardiovascular morbidity and mortality, urinary GAG levels and excretion patterns, and antibody levels. Post hoc analyses of data from the original clinical studies and continuation of the idursulfase clinical program have been key in addressing these requirements over the years, as have analyses of data collected in the Hunter Outcome Survey (HOS) registry. This registry was set up in 2005 to collect real-world data on the clinical presentation and progression of MPS II and the long-term safety and effectiveness of intravenous ERT with idursulfase.[@b14-dddt-11-2467],[@b35-dddt-11-2467]

The HOS registry
----------------

HOS is a long-term, open-ended global registry designed to collect information from patients with MPS II; data are obtained during routine patient visits and assessments ([Box 3](#bx3-dddt-11-2467){ref-type="boxed-text"}).[@b14-dddt-11-2467],[@b35-dddt-11-2467] The registry was established in 2005 and has been used to address post-marketing commitments relating to long-term use of idursulfase. Although the multisystemic and variable nature of MPS II posed some challenges with designing the registry and continues to be a factor in efforts to collect comprehensive data, HOS gives us the ability to follow large numbers of patients for much longer than was possible in the original clinical trials.

###### Overview of the HOS registry design and objectives

-   Global, multicenter, longitudinal, observational Shire-sponsored registry that collects real-world data on patients with MPS II[@b14-dddt-11-2467],[@b35-dddt-11-2467]

-   Primary objective is to monitor the long-term safety and effectiveness of ERT with idursulfase ◦Primary safety end points: occurrence of IRRs and other AEs (including SAEs)◦Primary effectiveness end points: uGAG levels, growth parameters, distance walked in 6MWT, LVMI, pulmonary function, liver and spleen size, prevalence of cardiac- and pulmonary-related hospitalizations, death◦Secondary end points: natural history of MPS II using data relating to key signs and symptoms; idursulfase dosing; scores from the patient and parent versions of HS-FOCUS (a questionnaire that assesses the impact of MPS II on patients' daily lives)

-   Open to all individuals with a biochemically or genetically confirmed diagnosis of MPS II, including those who are untreated and those who are receiving treatment with idursulfase ◦Patients receiving ERT with a product other than idursulfase are not eligible for inclusion

-   Written informed consent is obtained from each patient, their parents or legal representative

-   Data from individuals who are alive at HOS entry (prospective patients) can be entered; where local regulations permit, information from those who died before enrollment (retrospective, or historical, patients) is also collected

-   Independent review board/ethics committee approval is obtained for all participating centers. HOS is conducted in accordance with the Guidelines for Good Pharmacoepidemiology Practices,[@b114-dddt-11-2467] Good Research for Comparative Effectiveness Principles[@b115-dddt-11-2467] and the relevant principles of the International Conference on Harmonisation Good Clinical Practice guidelines (ICH E6).[@b116-dddt-11-2467]

**Abbreviations:** 6MWT, 6-minute walk test; AE, adverse event; ERT, enzyme replacement therapy; HOS, Hunter Outcome Survey; HS-FOCUS, Hunter Syndrome -- Functional Outcomes for Clinical Understanding Scale; IRR, infusion-related reaction; LVMI, left ventricular mass index; MPS II, mucopolysaccharidosis type II; SAE, serious AE; uGAG, urinary glycosaminoglycan.

Overall, the registry contains data from more than 1,000 patients from over 120 different clinics in 29 different countries (as of January 2016)[@b35-dddt-11-2467] and has resulted in 17 peer-reviewed journal articles[@b8-dddt-11-2467],[@b14-dddt-11-2467],[@b15-dddt-11-2467],[@b35-dddt-11-2467],[@b37-dddt-11-2467]--[@b49-dddt-11-2467] and numerous congress abstracts and posters (more than 35 in the past 4 years alone). Our knowledge of the timing and prevalence of the many different manifestations of MPS II has been greatly increased as a consequence of the information collected in HOS.[@b8-dddt-11-2467],[@b14-dddt-11-2467],[@b47-dddt-11-2467] The registry was also instrumental in providing sufficient data to highlight and define the relatively hidden cardiac complications of the disease.[@b43-dddt-11-2467] The data collected have not only made a significant contribution to our knowledge of the natural history of this rare disease but are also an extremely valuable source of information on patient management and in particular the use of idursulfase: more than 750 patients being followed prospectively in HOS have received at least one infusion of the drug (data as of January 2016).[@b35-dddt-11-2467] Analyses of data from these patients have provided insight into compliance with treatment and long-term clinical outcomes following idursulfase therapy. The real-world experience captured by HOS also continues to provide an important contribution to our understanding of the profile of certain subsets of patients, such as those first receiving idursulfase very late in life, females with MPS II and those in whom therapy is initiated at a very young age.[@b45-dddt-11-2467]

In addition to extending our knowledge of the effects of idursulfase,[@b37-dddt-11-2467],[@b45-dddt-11-2467] experience in HOS has influenced standards of care, with key areas of contribution being characterization and approaches to the management of IRRs, and the feasibility of home therapy.[@b44-dddt-11-2467],[@b46-dddt-11-2467]

Immunological aspects
---------------------

As with any protein-based therapy, there is the potential for an immune response to ERT; the nature and extent of this are dependent to a large extent on the therapeutic protein but also vary between patients.[@b50-dddt-11-2467] The overall picture for LSDs is reassuring: while some humoral responses are to be expected, the number of anaphylactic reactions is low.[@b50-dddt-11-2467] Nonetheless, it should be recognized that there is the potential for a severe reaction and so it is important that patients are monitored closely for hypersensitivity reactions, with the appropriate precautions taken where required.[@b51-dddt-11-2467]

The immunological aspects of idursulfase therapy have been rigorously investigated both in the initial clinical trials and beyond, and the picture continues to indicate that in general there is no lessening of clinical response in the patients who develop antibodies to the therapeutic protein.[@b31-dddt-11-2467],[@b32-dddt-11-2467],[@b51-dddt-11-2467]--[@b53-dddt-11-2467] It should be noted that the assays used to detect and characterize development of antibodies to idursulfase have been refined and improved over time, with the newer assays able to provide a clearer, more informative picture of immunological aspects; although it is not possible to compare the antibody titers obtained using the different assay methods directly, trends over time can still be assessed.

Formal post hoc analyses of the development of antibodies to idursulfase in patients receiving the drug were performed using data from the Phase II/III study and its extension and also from the young population (aged 1.4--7.5 years) in the HGT-ELA-038 study. These analyses clearly showed that although approximately one-half to two-thirds of patients developed immunoglobulin G (IgG) in response to idursulfase, with some showing persistent seropositivity, there was no association between antibody status and key clinical outcomes, including liver and spleen volumes, 6-minute walk test distance, predicted FVC or occurrence of serious adverse events. Urinary GAG levels in these patients decreased significantly with treatment, although to a lesser extent than in the seronegative individuals, but analysis of parameters such as 6-minute walk test distance and FVC did not indicate any impact on measures of functional clinical outcomes.[@b52-dddt-11-2467],[@b53-dddt-11-2467] Although there was generally little correlation between genotype and antibody status, a notable exception was those patients with a complete deletion/large rearrangement genotype, who almost invariably developed IgG in response to idursulfase, often at higher titers than other patients; neutralizing antibodies were also more common in this subgroup of patients. The limited data available on the impact of neutralizing antibodies on efficacy of treatment suggest that clinical benefit remains, perhaps with a slightly blunted response in terms of urinary GAG levels and liver size.[@b53-dddt-11-2467] Patients with the complete deletion/large rearrangement genotype are also more likely to experience treatment-emergent adverse events, including infusion-related events, and so are monitored carefully to ensure appropriate management when required.[@b51-dddt-11-2467],[@b52-dddt-11-2467]

The extensive post-approval experience with idursulfase that we now have has enabled development of a clearly defined approach to the management of IRRs.[@b44-dddt-11-2467],[@b54-dddt-11-2467]--[@b56-dddt-11-2467] The majority of these reactions are hypersensitivity reactions, also known as anaphylactoid reactions.[@b50-dddt-11-2467],[@b57-dddt-11-2467] These reactions are characterized by rash and fever and can typically be managed without interruption of treatment by slowing the rate of infusion and medication with antihistamines, antipyretics and/or low-dose corticosteroids.[@b44-dddt-11-2467],[@b54-dddt-11-2467]--[@b56-dddt-11-2467] By contrast, true immunoglobulin E (IgE)-mediated anaphylaxis is dose dependent, and rechallenge typically results in a serious reaction or death.[@b44-dddt-11-2467],[@b51-dddt-11-2467],[@b55-dddt-11-2467] Although the distinction between these two types of reaction is not recognized by all regulatory agencies, it has important implications for patient management, with true anaphylaxis treated according to accepted standards of emergency care, but the commonly occurring cardiac complications of MPS II should be remembered if use of epinephrine is being considered. Importantly, no clinically relevant IgE-positive titers have been recorded in patients receiving idursulfase;[@b31-dddt-11-2467],[@b32-dddt-11-2467],[@b44-dddt-11-2467],[@b45-dddt-11-2467],[@b52-dddt-11-2467],[@b58-dddt-11-2467] the small number of patients who had a sample with a titer above the nominal threshold using the early assay methodology have all since been reinfused without issue, as have patients in a separate report analyzing IgE in patients receiving idursulfase.[@b58-dddt-11-2467]

Availability of home therapy
----------------------------

In 2010, the idursulfase label was expanded to include provision for administration of infusions by a specialist nurse at home or in an alternative suitable nonclinic environment, where local health care regulations permit.[@b51-dddt-11-2467] Experience recorded in HOS provided considerable insight into the feasibility and safety of home therapy in routine practice and informed the development of initial recommendations for best management of the transition to receiving infusions at home.[@b46-dddt-11-2467] Individual institutions often build on these recommendations to construct their own more detailed guidelines to fit with local policies and infrastructure. Overall, experience with home therapy has been positive, with patients who receive infusions at home missing fewer infusions than patients receiving infusions in hospital, and with patients and families often reporting improved quality of life.[@b59-dddt-11-2467]--[@b61-dddt-11-2467] Home therapy also offers the potential benefits of decreased pressure on resources at specialist centers and a reduction in the overall cost of treatment, including the lower cost in some countries for medications received in the home compared with those received in the hospital as well the reduced societal impact (for example, travel and caregiver time out of work).[@b60-dddt-11-2467],[@b62-dddt-11-2467]

Experience with idursulfase in young pediatric patients
-------------------------------------------------------

The idursulfase label was further expanded in 2013 to include pediatric patients younger than 5 years of age, with the HGT-ELA-038 study ([ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT00607386) providing important data to support the use of idursulfase in this group. This 1-year open-label study found that safety, tolerability and exploratory efficacy outcomes in children who started idursulfase therapy at 1.4--7.5 years of age were similar to those previously reported in male patients aged 5 years or older when they started ERT.[@b31-dddt-11-2467],[@b32-dddt-11-2467],[@b63-dddt-11-2467],[@b64-dddt-11-2467] In particular, patient age and body weight did not affect pharmacokinetic parameters, and idursulfase treatment reduced urinary GAG levels, liver size and spleen volume. A post hoc analysis examining immunogenicity aspects also found no reason to consider changes to patient management for this group.[@b53-dddt-11-2467] The clinical study data were complemented by an analysis of data in HOS, which found no new safety concerns in patients starting idursulfase when younger than 6 years of age and also demonstrated decreased urinary GAG levels and liver size with therapy.[@b45-dddt-11-2467] As experience with idursulfase accumulates, more is becoming known about ERT in very young patients, including those starting treatment when they are as young as 6 months of age.[@b65-dddt-11-2467] There is a growing focus on defining standards of care in these individuals, and the data being collected in HOS will continue to provide a valuable addition to our body of knowledge on this topic.[@b63-dddt-11-2467],[@b65-dddt-11-2467]

Ongoing Phase IV clinical studies
---------------------------------

In addition to the collection of data on use of idursulfase in routine clinical practice via the HOS registry, further Phase IV studies are planned or ongoing. One study (SHP-ELA-401; [ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT02455622), building on initial observations from analyses of data in HOS,[@b15-dddt-11-2467] focuses on prospective changes in height and weight over at least 5 years of treatment in patients who started idursulfase at a suitably young age. This study will also investigate cross-reactive immunological material (CRIM) status, with the ultimate goal of correlating it with clinical outcomes data.

Considerations for ERT for patients with MPS II
===============================================

As experience with idursulfase has grown, guidelines and best practices have been developed providing region-specific perspectives and reflecting changes in the registered indications over time.[@b56-dddt-11-2467],[@b66-dddt-11-2467]--[@b69-dddt-11-2467] Most aspects relating to the routine administration of the 3-hour idursulfase infusions are consistent across the various guidelines, with the emphasis being on supervision by a suitably experienced physician or other health care professional, and regular monitoring of vital signs and caution in certain subgroups of patients, for example, those with a febrile infection, airway abnormalities, respiratory distress or a history of allergies.[@b56-dddt-11-2467] Clinical experience, including the real-world data captured in HOS, has informed the development of a clear process for management of IRRs if they occur, and guidance has been produced on managing the transition to home therapy in countries where this is available.[@b44-dddt-11-2467],[@b46-dddt-11-2467] However, when to start and stop ERT remains a topic of debate.

It is generally agreed that early initiation of therapy is likely to be beneficial for somatic aspects of the disease, but this is not currently reflected by guidelines in all countries.[@b56-dddt-11-2467],[@b66-dddt-11-2467],[@b70-dddt-11-2467] Experience with idursulfase in very young children so far has been reassuring,[@b65-dddt-11-2467] but longer-term follow-up is needed to examine the impact of early initiation of therapy on disease progression.[@b70-dddt-11-2467]--[@b72-dddt-11-2467] The approach for patients with severe neurological disease is not well defined; clinical experience indicates that somatic symptoms in such patients do improve with idursulfase therapy, and that patients and their families experience benefit as a result, but guidelines differ considerably between countries.[@b65-dddt-11-2467],[@b67-dddt-11-2467]--[@b69-dddt-11-2467] Expert recommendations generally suggest that ERT initiation in patients exhibiting cognitive impairment should be at the clinician's discretion in discussion with the child's parents or caregivers, and note that ERT may not be appropriate in those expected to receive limited benefit, for example, patients with very severe neurological impairment or those in a vegetative state.[@b56-dddt-11-2467],[@b65-dddt-11-2467],[@b68-dddt-11-2467],[@b69-dddt-11-2467] Similarly, the decision to stop ERT may reflect progression of neurological involvement to a degree where the physician and family agree that the patient is no longer receiving benefit.[@b56-dddt-11-2467],[@b65-dddt-11-2467],[@b68-dddt-11-2467]

It should be noted that the current data available on ERT with idursulfase suggest limited therapeutic effect on aspects of disease such as tracheal deformities, joint stiffness, bone deformities and hearing loss.[@b34-dddt-11-2467],[@b64-dddt-11-2467],[@b73-dddt-11-2467] In addition, rapid cessation of ERT has been reported to result in deterioration in clinical status,[@b74-dddt-11-2467] with some of the published guidelines providing an indication of the circumstances in which it is clinically appropriate for therapy to be discontinued.[@b66-dddt-11-2467],[@b68-dddt-11-2467]

For all patients, it is clear that a strong, cohesive, multidisciplinary team approach is needed for them to receive the most effective care. Regular biochemical and clinical assessments, ideally every 6--12 months and more frequently in those with rapidly progressing disease, are generally recommended to monitor disease progression and inform treatment decisions.[@b56-dddt-11-2467] Individualized decisions on care continue to form a vital part of the management of this complex disease.

Future directions
=================

We now have more than a decade of experience with idursulfase beyond the controlled environment of a clinical trial and have amassed more than 10,000 person-years of exposure to the drug among patients in a large number of countries since the initial approval in the USA in 2006 (Amanda Reynolds, Shire, personal communication, November 2016; exposure calculated using data as of July 2016). As we enter the next decade, it is important that we continue our efforts to improve the care of patients with MPS II. An area of focus is quantifying the true burden of disease and the impact of idursulfase therapy on the lives of patients and their families; as part of this, it is important that we find better means of assessing the severity of this complex disease and develop improved approaches to determining response to treatment.

Recently, a form of intravenous ERT, known as idursulfase beta, has been developed (Green Cross Corp., Yongin, Korea). This ERT, which is produced using a Chinese hamster ovary cell line rather than a human cell line, has followed a different development pathway from idursulfase and is available in some geographies on the basis of the 24-week Phase I/II study.[@b75-dddt-11-2467]

A key area of unmet need is treatment of the CNS aspects of LSDs that have a neurological component; in MPS II, CNS disease affects approximately two-thirds of patients and has considerable impact on their lives and prognoses.[@b2-dddt-11-2467],[@b15-dddt-11-2467],[@b56-dddt-11-2467],[@b68-dddt-11-2467] Intravenously delivered proteins are generally not expected to cross the blood--brain barrier, and intravenous idursulfase did not reach the CNS in substantial quantities in animal studies.[@b30-dddt-11-2467] Therapy with intravenous idursulfase is therefore not able to mitigate the CNS symptoms of disease directly.[@b56-dddt-11-2467] Several approaches to delivering therapeutic enzymes, including idursulfase, to the CNS are therefore being investigated and are at varying stages of development.

One such approach is an investigational formulation of idursulfase that can be delivered via an intrathecal device directly into cerebrospinal fluid; this formulation is being evaluated by Shire for use in conjunction with intravenous idursulfase. Following a successful preclinical program,[@b76-dddt-11-2467],[@b77-dddt-11-2467] the Phase I/II dose-ranging study (HGT-HIT-045; [ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT00920647) demonstrated a decrease in cerebrospinal GAG levels.[@b78-dddt-11-2467] In addition, no serious adverse events were observed, supporting progression to further clinical development.[@b78-dddt-11-2467] An open-label extension of the Phase I/II study is ongoing and a 1-year Phase II/III study is underway (HGT-HIT-094; [ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT02055118), with expected completion in 2017.

An alternative approach employing a fusion protein technique is currently in Phase I clinical trials for patients with MPS II (AGT-182-101; [ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT02262338). Also known as the "Trojan Horse" approach, this noninvasive method utilizes endogenous receptor-mediated transport mechanisms to carry therapeutic proteins across the blood--brain barrier. In the case of therapy for patients with MPS II, a genetically engineered monoclonal antibody against the human insulin receptor is fused with I2S, with the antibody component carrying the therapeutic enzyme into the neuronal cells via the endogenous insulin receptor.[@b79-dddt-11-2467],[@b80-dddt-11-2467] The transferrin and low-density lipoprotein 1 pathways may also be used in this approach to transporting therapeutic agents across the blood--brain barrier, and the technology is evolving toward use of the appropriate peptide carriers, although this latter element is in its infancy.[@b81-dddt-11-2467],[@b82-dddt-11-2467]

Bone marrow transplantation and hematopoietic stem cell transplantation have had some success in other mucopolysaccharidoses, especially MPS I, and international guidelines are now available.[@b83-dddt-11-2467],[@b84-dddt-11-2467] Although case reports and retrospective studies in patients with MPS II have found some improvement in somatic manifestations, significant morbidity and mortality have been reported and the impact of chronic graft-versus-host disease is of particular concern.[@b56-dddt-11-2467],[@b85-dddt-11-2467]--[@b94-dddt-11-2467] In addition, no controlled clinical trials have yet been performed. Furthermore, there is no consistent evidence of overall clinical benefit, and expert guidelines suggest that these approaches are generally not advisable in the treatment of patients with MPS II.[@b56-dddt-11-2467],[@b95-dddt-11-2467]

Gene therapy is also being investigated for many LSDs with a neurological component, including MPS II. Experimental approaches include viral vectors, such as adeno-associated virus 2/8 and retrovirus, stem cell gene therapy and nonviral technologies.[@b96-dddt-11-2467]--[@b99-dddt-11-2467] Although viral vector gene therapy approaches have reached clinical trials for MPS I and mucopolysaccharidosis type III (MPS III), the technology remains at a preclinical stage for MPS II. Finally, various compounds that decrease accumulation of GAGs are being investigated at the laboratory level, including genistein and polypentosan sulfate;[@b100-dddt-11-2467],[@b101-dddt-11-2467] there is a preliminary report of genistein use in seven patients with MPS II,[@b102-dddt-11-2467] and a randomized clinical trial in patients with MPS III is ongoing (S Jones and B Bigger, Manchester, UK; EudraCT Number: 2013-001479-18). Additional gene therapy approaches, such as antisense technology, are also in the very early stages of evaluation;[@b101-dddt-11-2467],[@b103-dddt-11-2467]--[@b105-dddt-11-2467] we look forward to seeing what the future holds with these technologies.

As we move toward an era in which it may be possible for the CNS manifestations of MPS II to be addressed, it is increasingly important that the clinical community rises to the challenge of detecting the onset of cognitive decline as early as possible. Our ultimate goal is to gain the ability to predict which patients will develop CNS involvement later in the course of their disease so that the appropriate treatment can be initiated as early as possible.

Summary and conclusion
======================

The development of ERT with idursulfase for MPS II was a big step forward for patients and families living with this devastating disease. Idursulfase was the first therapy to specifically address the underlying cause of the disease and, in conjunction with the appropriate supportive care, remains a cornerstone of the management of patients with MPS II today. The idursulfase development program faced considerable challenges, including low patient numbers, variable disease presentation and progression and an incomplete knowledge of the natural history of MPS II. Despite this, the robust design of the clinical program enabled idursulfase to be approved on the basis of the pivotal Phase II/III study and thus become available to patients more rapidly than would have been possible under a standard clinical program. At the time that idursulfase was developed, there were few therapies for rare genetic diseases in development. Therefore, an important lasting legacy of this and other similar clinical programs from the same era is that therapies for other rare diseases are now being developed almost routinely, aided by the formalization of appropriate accelerated clinical development pathways.[@b106-dddt-11-2467]

The post-approval clinical studies and ongoing HOS registry have added considerably to our understanding of MPS II and also augmented our knowledge of many aspects of the management of patients with the disease. As a result, idursulfase is now available to young pediatric patients, and home therapy is possible where local regulations permit. Our understanding of immunological aspects of idursulfase therapy is also vastly expanded. Treatment of the cognitive and neurological aspects of the disease remains a key challenge for the MPS II community, and we look forward to seeing what the future holds for therapies currently in development to address this aspect of the disease.
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![Cellular uptake and intracellular trafficking of idursulfase.\
**Notes:** Idursulfase (red) is taken up by cells via M6P receptor (dark blue)-mediated endocytosis. The enzyme is then trafficked to its target site, the lysosome (dark yellow), via the endocytic pathway, becoming dissociated from the M6P receptor in the acidic pH of the late endosome. Key aspects of the structure of recombinant idursulfase are shown in the inset: filled circles represent occupied N-linked glycosylation sites; posttranslational modification of C59 to formylglycine is required for catalytic activity.\
**Abbreviations:** GAG, glycosaminoglycan; M6P, mannose-6-phosphate.](dddt-11-2467Fig1){#f1-dddt-11-2467}

![Overview of the idursulfase clinical development program.\
**Notes:** Timeline of key aspects in the clinical development of idursulfase. Significant landmarks such as the initial Phase I/II study of intravenous idursulfase, the ongoing clinical trials of intrathecally delivered enzyme and the Phase IV study of intravenous idursulfase and height and weight are shown. Completed intravenous idursulfase clinical studies are indicated in green filled boxes and completed intrathecal idursulfase clinical studies in blue filled boxes, with the study duration indicated along the timeline. Regulatory milestones and initiation dates of ongoing clinical studies for intravenous idursulfase are shown with white boxes with a red border; initiation dates of ongoing clinical studies of intrathecal idursulfase are shown with white boxes with a blue border. TKT008 and TKT018, data on file, Transkaryotic Therapies, Inc., 2005; TKT024, NCT00069641; TKT024EXT, NCT00630747; HGT-ELA-038, NCT00607386; HGT-HIT-045, NCT00920647; HGT-HIT-046, NCT01506141; HGT-HIT-094, NCT02055118; SHP-ELA-401, NCT02455622.\
**Abbreviations:** 6MWT, 6-minute walk test; EOW, every other week; FVC, forced vital capacity; HOS, Hunter Outcome Survey; uGAG, urinary glycosaminoglycan.](dddt-11-2467Fig2){#f2-dddt-11-2467}

###### 

Summary of completed intravenous idursulfase clinical studies

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study characteristic           TKT008                                                                                                                                                                         TKT018                                                                                                                                                                                                                                                                                              TKT024                                                                                                                   TKT024EXT                                                            HGT-ELA-038
  ------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------- ----------------------------
  Phase; study design            I/II; randomized, double-blind, placebo-controlled, dose-ranging                                                                                                               I/II; open-label extension                                                                                                                                                                                                                                                                          II/III; randomized, double-blind, placebo-controlled                                                                     II/III; open-label extension                                         IV; open-label, single-arm

  Treatment regimen(s)           Idursulfase 0.15 mg/kg, 0.5 mg/kg or 1.5 mg/kg EOW                                                                                                                             Idursulfase 0.5 mg/kg EOW or weekly                                                                                                                                                                                                                                                                 Idursulfase 0.5 mg/kg weekly                                                                                             Idursulfase 0.5 mg/kg weekly                                         

  Study duration                 6 months                                                                                                                                                                       5.5 years                                                                                                                                                                                                                                                                                           12 months                                                                                                                24 months                                                            12 months

  Number of patients             12                                                                                                                                                                             12                                                                                                                                                                                                                                                                                                  96                                                                                                                       94                                                                   28

  Patient demographics           6--20 years of age                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Stratification by baseline age and total disease score\                                                                  1.4--7.5 years of age                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Baseline age groups: 5--11 years, 12--18 years and 19--31 years\                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Baseline total disease score calculated from baseline 6MWT and % predicted FVC                                                                                                                

  Inclusion/exclusion criteria   ≥5 years of age\                                                                                                                                                               Patients 5--31 years of age with a diagnosis of MPS II based on both clinical and biochemical criteria\                                                                                                                                                                                             Inclusion criteria:\                                                                                                                                                                          
                                 Able to cooperate with taking of study measurements\                                                                                                                           Having any one of the following\                                                                                                                                                                                                                                                                    Male ≤5 years of age\                                                                                                                                                                         
                                 Clinical features consistent with MPS II, including MPS-related hepatosplenomegaly, radiographic evidence of dysostosis multiplex, cardiomyopathy, upper airway obstruction\   MPS II-related signs/symptoms: hepatosplenomegaly, radiographic evidence of dysostosis multiplex, valvular heart disease, obstructive airway disease; I2S activity ≤10% of the lower limit of the normal range in plasma, fibroblasts or leukocytes; normal enzyme activity of another sulfatase\   MPS II diagnosis: I2S activity ≤10% of the lower limit of the normal range and normal activity of one other sulfatase\                                                                        
                                 Biochemical criteria: I2S activity in plasma or leukocytes ≤5% of the lower limit of the normal range                                                                          At baseline, all patients were required to reproducibly perform pulmonary function testing and have an FVC \<80% of the predicted value\                                                                                                                                                            Exclusion criteria:\                                                                                                                                                                          
                                                                                                                                                                                                                Patients who had a tracheostomy or who had received a bone marrow or cord blood transplant were excluded                                                                                                                                                                                            Previously treated with another investigational therapy within 30 days before enrollment\                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Previously received idursulfase\                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Clinically relevant medical condition(s) making implementation of the protocol difficult\                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Known hypersensitivity to any of the components of idursulfase\                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Tracheostomy                                                                                                                                                                                  

  Primary end point(s)           Change from baseline in uGAG levels                                                                                                                                            Changes from baseline to the end of the study in 6MWT and % predicted FVC in two-component composite score                                                                                                                                                                                          Changes from baseline to the end of the study in 6MWT, % predicted FVC and absolute FVC                                  Safety outcomes, including: Adverse events\                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Anti-idursulfase antibodies Vital signs\                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Physical examination\                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             12-lead electrocardiogram\                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Concomitant medications or procedures\                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Laboratory testing (clinical chemistry, hematology and urinalysis)   

  Secondary end points           Liver and spleen volumes\                                                                                                                                                      \% predicted FVC\                                                                                                                                                                                                                                                                                   Liver and spleen volume uGAG excretion\                                                                                  Exploratory efficacy outcomes, including: uGAG levels\               
                                 Walking capacity (6MWT)\                                                                                                                                                       Absolute FVC 6MWT\                                                                                                                                                                                                                                                                                  Joint range of motion\                                                                                                   Liver or spleen size\                                                
                                 Pulmonary function (FEV~1~ and FVC)\                                                                                                                                           Liver and spleen volumes\                                                                                                                                                                                                                                                                           Cardiac mass\                                                                                                            Developmental milestones\                                            
                                 Joint mobility\                                                                                                                                                                Levels of uGAG excretion\                                                                                                                                                                                                                                                                           Functional status\                                                                                                       Growth indices\                                                      
                                 Heart size and function\                                                                                                                                                       Passive joint range of motion                                                                                                                                                                                                                                                                       Linear growth velocity                                                                                                   Pharmacokinetic parameters                                           
                                 Oxygen desaturation and frequency of sleep apnea/hypopnea                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** TKT008 and TKT018, data on file, Transkaryotic Therapies, Inc., 2005; TKT024, NCT00069641; TKT024EXT, NCT00630747; HGT-ELA-038, NCT00607386.

**Abbreviations:** 6MWT, 6-minute walk test; EOW, every other week; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; I2S, iduronate-2-sulfatase; MPS II, mucopolysaccharidosis type II; uGAG, urinary glycosaminoglycan.

[^1]: These authors contributed equally to this work
